Lithium iron phosphate is a promising cathode material for the use in lithium-ion batteries meeting the demands of good stability during cycling and safe operation due to reduced risk of thermal runaway. However, slow solid state diffusion and poor electrical conductivity reduce power capability. For further improvement, the identification of the rate determining processes is necessary. Electrochemical impedance spectroscopy (EIS) has proven to be a powerful tool for the characterization of electrochemical systems. In this contribution a deconvolution of the impedance with the distribution of relaxation times (DRT) is used to obtain a better resolution in frequency domain. Therewith, the cathodic and anodic polarization processes are identified and an impedance model for the cell is proposed.
Introduction
The demand for high energy density rechargeable batteries for electric and hybrid electrical vehicle systems has rised particular interest in lithium-ion batteries in recent times. Many kinds of material are in consideration as the cathode material to meet the requirements of a satisfying cathode performance (1) .
In 1997, Lithium iron phosphate (LiFePO 4 ) was proposed by John B. Goodenough's group for the first time (2) . It has been investigated as a promising candidate for cathode material in lithium-ion batteries due to its high theoretical capacity (170 mAh/g) compared with other iron-based compounds (3), its good thermal stability leading to high safety (3;4) , and its cycling stability (5) .
One major drawback of lithium iron phosphate is its poor conductivity (ionic and electronic), which generally causes capacity losses at higher charge-discharge currents (6;7) . Recently, many studies on lithium iron phosphate have been published, mainly focused on the understanding and improvement of lithium-ion conduction in the active material (8;9;10) . However, there are other loss processes which influence the performance of LiFePO 4 -cells (11) . Their identification and physical interpretation according to literature is not consistent.
EIS has proven to be a powerful tool for the characterization of electrochemical systems (3;11;12) . In general, physio-chemical processes with different time constants can be distinguished in the EIS spectra. However, the identification of these processes remains ambiguous as they overlap in the frequency domain.
The calculation of the distribution of relaxation times (DRT) from EIS data allows a clearer identification of the loss processes because it offers a higher resolution in frequency domain (12;13) .
For solid oxide fuel cells our group has identified first the individual cathodic and anodic polarization processes from EIS data by calculating the DRT. Moreover, a physically motivated impedance model was established without the need of any a priori knowledge of the electrochemical system (14;15) .
In this study, the DRT approach is used first for the evaluation of EIS data of lithiumion cells. Impedance measurements were conducted with LiFePO 4 /Li cells in a wide temperature range. Furthermore, symmetrical cathode and anode cells were measured to assign the processes to cathode and anode. The DRT allowed the development of an impedance model which was fitted by a "Complex Non Linear Least Square" (CNLS)-fit to obtain the temperature dependency of these loss processes. Finally, a physical interpretation for the major loss processes of lithium iron phosphate is provided.
Experimental

Materials and Cell Geometry
In this study experimental cells were investigated in different cell configurations. Experimental cells with LiFePO 4 cathode and metallic lithium anode were assembled. The cells contained electrodes with an active area of 1.13 cm 2 . The cathodes were prepared by the Fraunhofer ISC in Würzburg from the basic active material LiFePO 4 from Süd-Chemie, to which carbon black and PVDF-binder were added to get a final weight ratio of 70:24:6 (LiFePO 4 : carbon black : binder). The mixed slurry was coated on an aluminum foil by doctor-coating and vacuum dried for 2 hours at 80 °C. Then, the electrodes were stamped out and again dried in 120 °C for 3 hours. The anode material was lithium metal foil from Sigma Aldrich with a thickness of 0.38 mm. A Freudenberg FS2019 was used as electrolyte reservoir in combination with a celgard C500 separator to prevent electrical short-circuiting of the electrodes. The applied electrolyte was a 1M LiClO 4 solution in ethylene carbonate ethylmethyl carbonate mixture of 1:1 mixing ratio.
Furthermore, symmetrical cathode and symmetrical anode cell configurations with the same material composition were assembled. Additionally, short-circuited symmetrical cathode cells were used without separator.
Conducted Measurements
After cell assembling, ten charge and discharge cycles were performed to ensure a steady state of the system. Impedance measurements were carried out using the Solartron 1400E cell test system with Scribner Multistat software. The amplitude of the ac voltage applied was 10 mV under open circuit condition and the frequency was varied within a range of 1 MHz to 10 mHz. In order to proof the high data quality, the Kramers Kronig residuals were calculated for all impedance curves (16) . In the frequency range from 10 mHz up to 100 kHz, the residuals (real and imaginary part) were bellow 0.5 %. This shows the high data quality of the conducted impedance measurements and specifies the frequency range for the further evaluation. The impedance spectra were measured for varying temperatures between 0 °C and 40 °C in a Weiss WK1 180 climate test chamber.
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Impedance data analysis
Pre-Identification by the Distribution Function of Relaxation Times (DRT)
It is often a questionable and fraught task to use equivalent circuit models for the evaluation of EIS data when the number and nature of physical processes that contribute to the overall impedance are not known. This especially holds true for technical electrode structures that often do not allow a detailed modeling because of their complex interfacial geometries. Therefore, we use a pre-identification method based on the "Distribution Function of Relaxation Times". This method separates polarization processes with different time constants directly from impedance data (13;14;15) . Distribution Function of Relaxation Times (DRT). In the simplest case, a polarization process in an electrochemical system can be described by an equivalent circuit made of a parallel connection of an ohmic resistance R and a capacitance C. This RC-circuit is characterized by its time constant
More complex polarization mechanisms are represented by a distribution of time constants. In order to describe this mathematically, the Distribution Function of Relaxation Times (DRT) g W is introduced. Fig. 1a shows an example of 
More complex or non-ideal polarization can be described by a distribution of time constants with a centre frequency and a characteristic shape and width (Fig. 1b) . The area enclosed by the peak corresponds to its polarization resistance Pol i R . Examples of g W for some commonly used impedance elements are shown in Ref. (15) . Mathematical Realization. For a series connection of RC-circuits, k k k R C W being the relaxation time of the k-th RC-circuit, the impedance is given by 1 1
We can extend Eq. 1 and use an infinite number of RC-circuits with time constants reaching from 0 to f by introducing the continuous distribution function of relaxation
From linear system theory it is well known that the impedance of each entirely capacitive electrical system can be transformed into the form of Eq. 2, hence the approach is generally valid (12 Z . This problem is known to be ill-posed and requires special methods to be solved in order to avoid false peaks and oscillations (13;17) . In this work we use a Tikhonov-Regularization implemented in the software package FTIKREG (18) . DRT Calculation. An essential issue for the DRT calculation by means of the Tikhonov-Regularization is the selection of the regularization parameter O Reg . This parameter levels the filtering of the measured data which is necessary to avoid false peaks and oscillations (18) . There is no strict criterion how to choose O Reg in connection with experimental data. However, inspecting the residuals which represent the deviations between measured impedance and model impedance, is as effective for the evaluation of CNLS-Fits as for the determination of O Reg . Starting from larger values, O Reg can be decreased stepwise until the residuals are free of systematic deviations. This approach led to a O Reg between 10 -10 and 10 -9 for the impedance spectra analyzed in this work.
Pre-Processing
In the past, the DRT approach was successfully applied on the evaluation and modeling of solid oxide fuel cell impedance curves (13;14;15) . In Fig. 2a , a typical impedance curve with RC-behavior is shown, where high-and low-frequency arc both converge towards the real axis. Consequently, the fuel cell impedance data can be represented by a certain number of RC-elements according to Eq. 2. In contrast, the impedance spectra of lithium-ion cells as shown in Fig. 2b do not converge towards the real axis for 0 Z o . The low frequency impedance shows pure capacitive behavior and cannot be represented by an RC-circuit according to Eq. 2. Therefore, the direct DRT calculation from lithium-ion cell impedance data is not valid. It leads to instable DRTresults with large residuals which do not represent the measured impedance data. In order to use this approach anyway, a pre-processing of lithium-ion cell impedance becomes necessary. The systematic approach which is presented in this study consists of three steps:
1. Modeling the low frequency branch (Pre-processing) 2. Subtraction of low frequency branch (Pre-processing) 3. Evaluation of resulting spectra by DRT-approach (main step)
Modeling the Low Frequency Branch. For the pre-processing steps, the low frequency branch must be physically reasonably modeled, fitted and subtracted. It is well known from literature that the solid state diffusion in the intercalation electrode and the cell capacity cause the low frequency branch (19;20) . Hence, for the following evaluation it will be called the "capacitive diffusion branch". There are various ways of modeling this capacitive diffusion branch (19;21) . In this work we use the diffusion model proposed by Levi et al. (19) , containing a Finite Length Warburg element and a serial capacitor to model the diffusion adequately ( This modeling approach leads to the impedance
representing solid state diffusion and cell capacity. Fig. 4a shows the CNLS fit of this model to the measured impedance curve.
Subtraction of Low Frequency Branch. The adapted DRT equation for pre-processing the lithium-ion cell impedance is given by
[4]
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The subtraction of Warburg impedance and capacity leads to the new integral equation
[5]
The so pre-processed impedance does not diverge towards pure capacitive behavior for low frequencies (Fig. 4b) and can now be expressed by a RC-circuit according to the integral equation of the DRT (Eq. 2; Eq. 5). For these impedance curves, the evaluation by DRT can follow up. Therefore, the diffusion model is fitted to the impedance curve for each temperature and then subtracted. 
Results
Measurements of LiFePO 4 /Li-Cells Fig. 5a shows a series of impedance measurements for varying temperatures between 0 °C and 40 °C. A consistent increase of total polarisation as well as an increasing high frequent ohmic resistance can be observed for decreasing temperatures. Furthermore, the characteristic shape of the impedance changes, indicating an increasing number of loss processes. Fig. 5b shows the absolute Kramers Kronig residuals of these impedance curves. The absolute residuals are below 0.8 % in the selected frequency range. After having proved their high data quality, the impedance curves were pre-processed for the subsequent DRT calculation.
The resulting impedance for 40 °C is displayed in Fig. 6a and shows one major and, for low frequencies, a second minor process. The impedance converges towards the real axis and can hence be further processed by the DRT approach which is displayed in Fig.  6b (Therein, as in the following figures, we use the relaxation frequency f=1/(2SW) instead of the relaxation time W for the x-values). The DRT allows the separation of five polarisation processes, which are inaccessible in the impedance response. This demonstrates the advanced capability for resolution in the frequency domain of the DRT (13;14;15). Further advantages of the DRT approach can be seen in Fig. 7 . The series of preprocessed impedance measurements in Fig. 7a indicates two or three processes and increasing overall polarisation with decreasing temperature. Obviously, the DRT gives considerable more detailed insight into the system than the raw impedance plot. The DRTs (Fig. 7b) clearly separate the temperature dependencies of polarisation and frequency for each single process. Processes P1 and P2 are strongly temperature dependent. They shift to lower frequencies and show increasing polarisation for decreasing temperatures. In contrast, process P3 shows no distinctive temperature dependency, but a considerable high resistance. This clear visualization of temperature dependencies is a further advantage of the DRT. For low temperatures, processes P4 and P5 are merging. For a consistent evaluation of these processes, a detailed examination in further studies is required. In this , 28 (30) 3-17 (2010) study we focus on the investigation of process P1, P2 and P3 which represent the major loss processes. For a physical interpretation, an assignment to anode and cathode becomes necessary. Therefore, in the next step symmetrical anode and cathode cells were studied.
Assignment of Loss Processes to Cathode and Anode
The measurements of symmetrical cathode and anode cells were conducted for varying temperatures inside a temperature region between 0 °C and 40 °C. The resulting impedance curves of the symmetrical cathode cell were pre-processed like described in the previous sections. The symmetrical anode cell impedance curves did not need to be pre-processed because Lithium metal is no intercalation material and shows therefore no capacitive diffusion branch. In Fig. 8 , the impedance curves and DRTs of all measured cell configurations are compared. Fig. 8b shows the impedance curve and the DRT of the symmetrical LiFePO 4 -cell. Two processes can be identified, one in the low frequency region showing strong temperature dependency, and one at 2 kHz which is almost temperature independent. The two processes do not have exactly the same characteristic frequency as process P1 and P3 of the LiFePO 4 /Li cell, but they lie in the same frequency region and show the same temperature behaviour. Therefore they can be assigned to the cathode side. Process P2 in the medium frequency region with strong temperature dependency can be re-detected in the symmetrical Lithium-cell (Fig. 8c) and is therefore assigned to the lithium-anode. The exploitation of the DRT's advantages and symmetrical cell measurements enable a clear assignment of cathode and anode processes. However, as mentioned before, the same processes in different cell configuration have slightly different characteristic frequencies and show a little different temperature behaviour. This might be a hint on difficulties of homogeneous composite layer fabrication or different aging statuses of the measured cells. Nevertheless, this shows the manifold prospects of the impedance analysis by using the DRT approach.
Equivalent Circuit Model Development by DRT Pre-Identification
The pre-identification of all relevant loss processes and the determination of their electrode origin lead to an equivalent circuit model which can be seen in Fig. 9 . It consists of the pre-determined Finite Length Warburg element with a serial capacity, representing the solid state diffusion and the differential capacity of the cell (19) . Furthermore, there are three RQ-elements, representing the major loss processes P 1A , P 1C and P 2C which were identified by the DRT approach. P 1A is caused by the lithium anode and can be explained to be a combination of SEI-diffusion and charge transfer at the surface (22) . The physical origin of the two cathode processes P 1C and P 2C represented by two RQ-elements is content of the further analysis in this study. As the other small processes P4 and P5 only cause a minor part of the overall cell impedance, they are neglected in this first approach. Lastly, the model contains a serial resistance for the limited electronic and ionic conductivity of all cell components and an inductor for modelling the cable inductivity. For frequencies up to 100 kHz, this is not relevant for the measured test cells. In the following, this model is used for analysing the temperature behaviour of the relevant loss processes by CNLS-fit in Matlab®. The model was fitted to impedance curves for different temperatures and the temperature behaviour was evaluated. 
Analysis of Temperature Dependency and Determination of Activation Energies
The evaluation of the temperature behaviour for all loss processes is based on DRT and CNLS-fit of the model. The DRT visualizes directly the relaxation frequencies for each process. These characteristic frequencies are listed in column 3 of Table I . The polarisation values for temperature variation in column 4 were determined by CNLS-fit of the model. Frequency and polarisation behaviour confirm the temperature dependencies which were already visualized by DRT. 
RQ 2C
Moreover, the temperature dependency of all losses exhibits Arrhenius-type behaviour. Fig. 10a shows the Arrhenius plot for all of them except the solid state diffusion. The resulting activation energies are shown in Table I . The activation energies are in concordance with the observed temperature dependencies. These activation energies are used for the further analysis of the loss processes in the following section. Srinivasan et al. [26] Prosini et.al. [27] Franger et al. [25] Our study Srinivasan et al. [26] Prosini et.al. [27] Franger et al. [25] Our study Srinivasan et al. [26] Prosini et.al. [27] Franger et al. [25] Our study Srinivasan et al. [26] Prosini et.al. [27] Franger et al. [25] Our study Srinivasan et al. [26] Prosini et.al. [27] Franger et al. [25] Our study Liu et al. [24] Srinivasan et al. [26] Prosini et.al. [27] Franger et al. [25] Our study In order to determine the activation energy for solid state diffusion, it is necessary to calculate the diffusion coefficient for each temperature (3). Equation coefficients for all temperatures were determined. They are plotted in Fig. 10b and listed in Table II . Compared to literature values, these values are rather high. There are several reasons which can lead to this difference. The closest diffusion coefficient to our values was provided by Liu et al. (24) , which was also determined by impedance spectroscopy. The values offered by Franger et.al. (25) are also close to the values of this study and were determined by a Warburg approach. Srinivasan et al. (26) and Prosini et al. (27) calculated lower values for diffusion coefficient (see Fig. 10b ). Srinivasan uses the fit of discharge curves and takes particle size distributions into account. The huge range of diffusion coefficients provided in literature shows the difficulty in the exact determination of diffusion coefficients. In order to get an exact calculation of diffusion coefficients it is therefore necessary to use several measurement methods for the validation of the results. However, for the determination of the activation energies in this study the accuracy was sufficiently high. The activation energy was determined to be 0.66 eV. This lies in the range of the reported literature values of 0.4 eV (3) and 0.7-0.95 eV (28) .
Discussion
Physical Interpretation of Loss Processes
As derived in the previous chapters there are four relevant polarization processes which occur in the LiFePO 4 /Li-cell. Based on this knowledge, an equivalent circuit with the corresponding number of circuit elements was developed. The next step is the derivation of the physical origin of all relevant polarization processes. Therefore, the calculated activation energies are evaluated and compared to literature values in Table III . Furthermore, a physical interpretation for all processes is derived by the use of activation energies and additional literature study.
The ohmic resistance has several physical reasons. Generally, it is caused by the limited electronic and ionic inductivity of all cell components. Comparing the activation energy of the ohmic resistance to the activation energy of carbon black conductivity and LiClO 4 -conductivity (see Table III ) can give further information. The value of 0.2 eV lies in the range of carbon black conductivity. This suggests that the major part of the ohmic losses is caused by the low conductivity of the cathode composite.
According to the evaluation of different cell configurations, there is one loss process P 1A caused by the lithium anode. Its activation energy of 0.47 eV is very close to the values reported by Zaban et al. (22) , which are charted in Table III . According to (22;29) P 1A is mainly caused by lithium migration through several SEI layers. In this study, this distribution of several layers is modeled by one RQ-element. For the LiFePO 4 -cathode, there are three relevant polarization processes detected. The first process P diff,C was predetermined to be the solid state diffusion and already discussed above. It was modeled by the combination of a Warburg element and a differential capacity. There are two further cathode loss processes which must be explained. , 28 (30) 3-17 (2010) Usually, there is only one loss process reported for LiFePO 4 in literature (3;27;32;33) . This process conforms to process P 2C in our impedance measurements. Only very few activation energies were reported for this process. Takahashi et al. (3) determined the value to be 0.15 eV. This value lies between our values which might be due to the summarization of both processes in Takahashi's study. The commonly assumed physical origin of this process is the charge transfer between cathode composite and electrolyte (3;27;32;33). Gaberscek et al. (11) observed two loss processes for LiFePO 4 . Furthermore, in (11) an alternative physical interpretation was provided for P 2C . The physical origin was determined to be the interface between electrode composite and aluminum current collector. The ohmic resistance is caused by contact resistance, whereas the double layer capacity is formed between electrolyte and current collector (see Fig. 11 ). The physical origin of process P 1C is not provided in (11 Figure 11 . Scheme of short-circuited cell and P 2C
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Gaberscek's interpretation for P 2C is supported by the activation energy calculated in this study. The activation energy is 0.07 eV which is a very low value as it is expected for a metal/carbon black interface. The value of P 1C which is 0.31 eV is considerably higher. This indicates that P 1C is the charge transfer between electrode and electrolyte, which is a more temperature dependent process. All other candidates for the physical origin of P 1C like inter particle connection or coating conductivity (11) should have similar activation energies to P 2C .
For the verification of this physical interpretation we measured symmetrical LiFePO 4 -cells without separator (Fig. 11) . The short-circuit causes that the ionic path is shorted by ECS Transactions, 28 (30) 3-17 (2010) the ohmic path. An intercalation of lithium-ions does not take place and therefore no charge transfer electrode/electrolyte can occur. As it is shown in Fig. 12 , the DRT of the measurements shows nevertheless P 2C . This validates the hypothesis that P 2C is not the charge transfer but the electrode/current collector interface. Figure 12 . DRT of short circuit cell without separator, P 2C can be observed without separator
Conclusions
A new approach was presented for the investigation of LiFePO 4 -cathodes in lithiumion experimental cells. Impedance measurements of LiFePO 4 /Li-cells, symmetrical anode and symmetrical cathode cells were conducted and evaluated by using the Distribution of Relaxation Times (DRT). The processes were assigned to anode and cathode and an equivalent circuit model was developed. This model was used for analyzing the temperature behavior of the loss processes. In the further evaluation, which included the measurement of short-circuit cells, it was possible to provide a physical interpretation for the analyzed processes. There are three polarization processes which occur in the LiFePO 4 -cathode. The major loss process with a polarization of 207 :cm 2 (25 °C) is the solid state diffusion in the lithium iron phosphate. It shows strong temperature dependency and is observed in the frequency range between 1 mHz and 20 mHz. The second major loss process with a polarization of 176 :cm 2 (25 °C) is caused by the interface between cathode composite and current collector. It shows very low temperature dependency and has a characteristic frequency around 1 kHz. The last and smallest loss process is the charge transfer between electrode and electrolyte. Its polarization is 16.5 :cm 2 (25 °C) in a temperature dependent frequency range from 0.3 Hz to 10 Hz. This analysis was based on impedance measurements for varying temperatures, the calculation of DRT and literature studies. We will continue our studies by the measurement of SoC-variation to prove the interpretations presented here.
